Abbreviations and Acronyms
IT is estimated that more than a million TRUS guided prostate biopsies are performed annually in the United States. 1 The goal of current prostate biopsy is to systematically sample the prostate gland using a sextant schema or an extended variation thereof to avoid sampling limitations. However, the current freehand TRUS guided prostate biopsy technique has significant shortcomings. 1) The geometry of the exact location of the biopsy cores of the biopsy schema is poorly defined.
2) The false-negative rate of systematic TRUS guided biopsy is considered unacceptably high despite the gradually increased number of biopsy cores. [2] [3] [4] 3) It is impossible to precisely localize 2404 www.jurology.com the site of a cancer core or resample the same area of interest. For example, during AS for low risk PCa, repeat sampling of the same cancerous lesion during followup is desirable to monitor cancer progression. However, repeat TRUS guided biopsies of the general areas with previously known cancer during AS frequently do not yield any cancer. 5 This fact underscores our inability to consistently sample the gland with freehand TRUS guided biopsy. As a result, uncertainty regarding cancer extent and the associated anxiety often results in overtreatment. Because of these limitations, there is a critical need to improve TRUS guided biopsy. 6 -9 It is challenging to objectively evaluate the quality of prostate biopsy. In addition, only a few groups have addressed the distribution of biopsy cores and its relationship to the cancer detection rate. 10 -12 Therefore, we studied the efficacy of freehand TRUS guided biopsy and compared it with that of a robotassisted biopsy approach. We first developed a biopsy simulation system to accurately assess the position of biopsy cores in vitro. Using that biopsy simulation system, 5 experienced urologists measured the targeting error using a freehand TRUS probe vs a robot-assisted procedure using the TRUS robot that we developed to manipulate the TRUS probe. We compared the accuracy and precision of biopsy targeting at 6 biopsy sessions by urologists and the TRUS robot. Finally, we estimated the probability of detecting significant PCa with a given number of cores.
MATERIALS AND METHODS

Biopsy Simulation System
A biopsy simulation system was composed of a custombuilt pelvic mock-up and the Polaris® optical tracking system ( fig. 1, A) . The pelvic mock-up included a 24 cm 3 model prostate fabricated from gelatin and a cavity simulating the rectum. The mock-up was molded with precisely defined geometry to standardize the model prostate position and configuration in the box. We then defined the gold standard targets as 12 points arranged as usual in an extended sextant biopsy schema in the gland. They were separated from each other by at least 10 mm.
The optical tracking system was configured to estimate the locations of the actual biopsy cores. One active (6 df) optical tracking marker was assembled on the mock-up box. Two active (6 df) markers were placed on the TRUS probe handle to measure its location and orientation. One passive (3 df) marker was placed on the biopsy needle shaft to measure needle insertion depth ( fig. 1, A) .
TRUS Robot
The TRUS robot is a robotic device that can hold and manipulate a TRUS probe, as described in prior studies ( fig. 1, B) . 13, 14 The TRUS robot includes software that can generate positional data and images for ultrasound scanning, 3-D reconstruction and navigation.
Experimental Protocol
Five experienced urologists performed simulated biopsy procedures with freehand TRUS probe manipulation. The same procedure was also performed with robotic assistance. All followed the usual 12-core sextant biopsy schema on 6 mock-ups (left/right ϫ medial/lateral ϫ apex/ mid/base). A printed plan of the 12-core distribution was provided to the urologists during the simulated biopsy procedures for a uniform understanding of the desired biopsy schema. Positional data from the optical tracking system were processed to estimate the locations of biopsy cores relative to the prostate. Targeting error was calculated by measuring the 3-D distance in mm between the gold standard target and the actual biopsy target.
For repeat biopsy evaluations, our intent was to simulate the clinical scenario of consistently aiming at the same targets on repeat biopsies in the same patient. Repeat biopsy error across multiple biopsy attempts was assessed by measuring the accuracy and precision of targeting the same target in the 6 identical mock-ups. For each gold standard target, we generated a minimum enclosing sphere containing all of the centers of the actual 6 Figure 1 . A, biopsy simulation system with prostate mock-up and optical tracking system. B, TRUS robot supporting TRUS probe.
cores. Accuracy was defined as the distance between the center of each minimum enclosing sphere to its corresponding gold standard point. Precision, also known as repeatability, was defined as the diameter of this minimum enclosing sphere. In an ideal setting, a minimum enclosing sphere should have its center close to the gold standard point (high accuracy) and have a small diameter (high precision).
Significant PCa Detection Rate Modeling
For simplicity in calculating the significant tumor detection rate, a capsule modeling approach was used based on prior study of a 2-dimensional model. 11, 15, 16 We also incorporated biopsy needle depth and direction in our 3-D capsule model. We assumed that tumors are spherical. We defined the threshold of significant tumor size as 0.5 cm 3 (radius 4.924 mm). 17 In the capsule modeling approach, we considered the tumor sampled and significant if its center was within a capsule with a radius (4.924 mm) equal to that of the tumor ( fig. 2 ). This approach is equivalent to intersecting a line segment (biopsy core) with a sphere (tumor) but it simplifies the geometric calculations.
For single core biopsy, sampled volume is defined as the volume of the intersection between the respective capsule and the prostate. The probability of detecting a significant tumor with this 1-core biopsy is the ratio of sampled volume to total prostate volume. For multiple core biopsy, these volumes do not simply sum up because cores may intersect each other. The probability of detecting a significant tumor with multiple cores is defined as the ratio of the combined, nonoverlapping volume of individual sampled volumes (intersection with the prostate of the union of the individual cores) to total prostate volume. Consequently, the detection rate is higher if biopsy cores sample the prostate and do not overlap.
Statistical Analysis
Biopsy error rates were compared among the urologists and the robot using ANOVA with blocks representing individual mock-ups and testers (urologists or robot). Detection rates were compared with 1-way ANOVA. 18 The Dunnett test was used to adjust for multiple comparisons in pairwise tests among individual urologists and the TRUS robot. 19 All analyses were performed using SAS® v. 9.2.
RESULTS
We assessed the quality of extended sextant biopsy by urologists vs TRUS robot-assisted biopsy in a) targeting error, b) repeat biopsy error and c) the estimated significant cancer detection rate.
Error
Targeting. On targeting error analysis we assessed the quality of targeted biopsy by urologists and the TRUS robot to sample a sextant biopsy target in the prostate guided by 2-dimensional ultrasound. The table shows the mean targeting errors of the 5 urologists, the urologists overall and the TRUS robot. The urologist mean targeting error was 9.0 mm. Figure 3 shows the actual centers of the cores acquired by 1 urologist (red circles) compared with the gold standard (green circles). As shown, the biopsy cores were often clustered. In contrast, the TRUS robot mean targeting error was only 1.0 mm, showing that it followed the biopsy schema more closely. While the mean targeting error of each urologist was significantly higher than that of the robot, significant variation also existed among urologists (p Ͻ0.0001). In a prostate, mean targeting error varied significantly by biopsy location with the largest error associated with the apex than with mid/ base positions (mean Ϯ SD 10.8 Ϯ 5.3 vs 8.1 Ϯ 3.6 mm, p Ͻ0.0001). Finally, larger targeting errors were consistently found at medial compared to lateral positions (mean 10.4 Ϯ 4.5 vs 7.6 Ϯ 3.8 mm, p Ͻ0.0001).
Repeat biopsy. The mean accuracy of the urologists and the TRUS robot was 23.6 and 0.6 mm, respectively (see table) . The mean precision of the urologists and the TRUS robot was 10.1 and 1.7 mm, respectively. Overall, urologist cores across multiple trials deviated widely from the gold standard, while TRUS robot cores followed the gold standard targets closely ( fig. 4) .
Cancer Detection Rate
The tumor detection rates of the urologists and the robot were estimated by the capsule model ( fig. 5 ).
The average tumor detection rate of the 5 urologists was 36.1%, while the TRUS robot mean detection rate was 43.3% (see table) . There was a significant difference between the urologists and the robot (p Ͻ0.0001). Significant variation was also found among the urologists (p ϭ 0.008).
DISCUSSION
TRUS guided freehand prostate biopsy is the current gold standard for prostate cancer diagnosis. 20 The principle of the current sextant biopsy schema stipulates a uniform distribution of a set number of cores. However, to our knowledge the exact locations of the freehand biopsy cores are unknown in clinical practice.
In this study we developed an in vitro biopsy simulation model to assess the geometric distribution of systematic biopsy targeting, the accuracy and precision of repeat biopsies, and the cancer detection rate. We then compared the performance of experienced urologists with that of a robot. Our results confirm that it is challenging to use freehand TRUS guided biopsy to adequately sample the prostate or biopsy the same area repeatedly. On the other hand, improved sampling and cancer detection can be achieved with a more quantitative approach, such as robotic assistance or image guided navigation.
During biopsy targeting, even experienced urologists had difficulty with accurately sampling a specific target in the intended biopsy schema. Biopsy cores acquired by the urologists were often clustered and left a significant portion of the prostate under sampled. Experienced urologists also had significant difficulty in sampling the same target repeatedly. In a clinical context, this result implies that it is challenging for a urologist to freehand biopsy the same area twice, for example in patients enrolled in AS. Most importantly, the significant cancer detection rate was significantly lower for freehand biopsies done by urologists than for robot-assisted biopsy.
The tumor detection rate depends highly on the geometric distribution and number of biopsy cores in the schema. For example, all cores in the gold standard schema sampled prostate tissue without significant overlap ( fig. 5, B) . However, some capsules protruded outside the gland, thus, reducing the detection rate. In addition, the tumor detection rate with the set number of biopsy cores decreases with increasing prostate size. Therefore, biopsy schema may need to be optimized in men with different prostate sizes and shapes. Collectively, these results show that robotic or navigational assistance for biopsy must be coupled with biopsy schema that can optimize the PCa detection rate.
In the last 2 decades prostate biopsy has undergone significant changes. In 1989 Hodge et al first reported the superiority of systematic TRUS guided biopsies over digitally directed sampling. 21 Since then, the number of biopsy cores has gradually increased, while targeting certain anatomical zones has been incorporated in the biopsy schema. 20 In the repeat biopsy setting saturation biopsy has been developed and used with the goal of reducing falsenegative results. 22, 23 However, there is no consensus on the optimal number of cores on saturation biopsy. In addition, there is sparse available geometric localization information on the biopsy cores.
With increasing interests in focal therapy for prostate cancer, transperineal template guided and robot-assisted biopsies have been developed. 24, 25 Compared to the transrectal approach, the transperineal biopsy approach can achieve improved sterility via perineal skin incision. However, transperineal biopsy approach is also associated with the need for more extensive anesthesia and with sampling limitation due to pubic arch interference. 25 Most recently, magnetic resonance imaging-ultrasound fusion guided prostate biopsy, some with 3-D guidance, has been gaining interest for lesion targeted biopsy. 26, 27 Pursuit continues for an accurate, precise, cost-effective, safe method of prostate biopsy. The important distinction of the current study is that we report the limitations of freehand, human TRUS guided biopsy.
Several limitations deserve mention. 1) In the biopsy simulation model, we assumed that spherical tumors occur evenly in the prostate. We plan to expand our model to include nonspherical tumors in nonuniform fields with zonal differences. 2) Our prostate model was precisely standardized, unlike the highly variable size and shape of individual prostate glands in clinical practice. However, a standardized prostate model was helpful and necessary to compare biopsy efficiency by urologists and the robot. In the clinical setting accurately scanning prostates of different sizes/shapes, optimized biopsy schemas and accurate targeting are needed to further improve the PCa detection rate. 3) Since our study was performed in an in vitro model system and not in humans, we did not consider tissue deformation and needle bending, which may negatively impact biopsy. 8 4) The exact coordinates of the gold standard biopsy schema were provided during robot-assisted biopsy, while the experienced urologists performed biopsy based on the B-mode ultrasound image and biopsy schema from memory and without navigational aid. As discussed, robot use or navigational assistance with optimized biopsy schema improves biopsy performance. 5) Cost analysis must be done to evaluate the overall health care benefit/ cost of using a quantitative tool, such as a robot, to improve the detection of significant cancer, while decreasing overtreatment.
Despite these shortcomings, our results confirm and quantify the considerable limitations of the current freehand TRUS guided prostate biopsy that were suggested in previous reports. 12, 28 The robot can assist in image navigation since it can steadily hold and manipulate the imaging device (TRUS probe) accurately to generate a 3-D reconstruction image of the prostate. 13 Robotic assistance can improve biopsy targeting, while potentially decreasing false-negative results by geometrically consistent sampling. This approach can 1) make primary biopsies more uniformly distributed according to the biopsy schema, 2) help sample previously unsampled regions of the prostate in men with high suspicion for cancer and yet with prior negative biopsies, and 3) help monitor cancer progression during AS by resampling known cancer foci. More accurate determination of tumor extent and progression may lead to increased participation in AS while decreasing overtreatment. Currently, a critical barrier to progress in the field of image guided targeted therapy for prostate cancer is the lack of reliable tumor localization. Precise localization of prostate cancer may also help improve focal therapy targeting.
CONCLUSIONS
Systematic biopsy with freehand TRUS guidance does not closely follow the sextant biopsy schema and may result in suboptimal sampling and cancer detection. Robot-assisted biopsy provides a potential alternative for accurate, precise sampling and may enhance the cancer detection rate if coupled with a geometrically consistent, optimal biopsy protocol.
